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Abstract

The method of laser flash photolysis with excitation at 308 nm was used to study the photochemistry of persulfate-ion in aqueous solutior
with additions ofN,N-dimethylformamide (DMF). The photolysis 0§8g%~ in water gives rise to SQ~ radical anions with a 0.55 quantum
yield. The rate constant of S& recombination was measure&&(2.7+0.2)x 10° M~1 s~ at ionic strengtiu=0.9 M). In the presence of
DMF the additional intermediate absorption band appears with a maximum at 380 nm, belonging to@dlicEH;) NCHO. Its extinction
coefficient was determined¥°=1700+200 M—1 cm~1). The rate constants of reactions 8O+DMF((4.3 £ 0.2) x 10 M~1s™1) and
*CH2(CH3)NCHO + 0,((1.3£0.1) x 10° M~1s~1) were measured. Thus, DMF is a good acceptor of active radicals*@Hd.radical)
which have absorption in the far UV region and which are impossible to detect directly in pulse photochemical experiments. © 200(
Elsevier Science S.A. All rights reserved.
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1. Introduction band of its absorption has a maximum at 225 nm with ex-
tinction coefficiente225~600 M—1cmt [9] which, as a

Water in oceans, rivers, and rain drops contains a greatrule, is masked by the absorption of initial iron complexes.

number of organic and inorganic impurities which partic- Therefore, it is necessary to use a trap, i.e. a compound

ipate in various photochemical and thermal reactions. Of which reacts with hydroxyl radical to form an intermediate

major importance in the reactions of natural water systems species whose optical absorption spectrum is convenient

are the processes, initiated by a hydroxyl radical [1]. It for recording, to detectOH radical in pulse photochemical

is assumed that the most significant source©fH radi- experiments.

cals in natural water are the photochemical reactions of the Amides seems to be of interest as such traps. It has

complexes of trivalent iron, in particular, of #&OH™)and been shown using pulse radiolysis [10] that amides rapidly

Fext [2,3]. Hydroxyl radicals are considered to appear (rate constants are about “M@~'s™!) react with *OH

in the first co-ordination sphere of the excited Fe(lll) com- radical giving transient species which have optical absorp-

plexes due to electron transfer from either Olgroup or tion bands in the region of about 380 nm with extinc-

water molecule [4]: tion coefficients of about 2000 M cm~. These transient
species were assigned in [10] as organic radicals N;s¥
FEt (Hp0)6-S F&* (H,0)s + *OH + H* (1) dimethylformamide (DMF) N-methylN-methylene-form-

amide radicaP CH2(CH3) NCHO is formed
However, conclusion aboutOH radical formation is

based on stationary experiments, mainly, on the analysis®OH + (CH3)2NCHO — *CH2(CH3)NCHO + H,O  (2)
of the final photolysis products [3—-8]. The direct pulse ex-
periments, confirming the formation of this radical, are un-  Such an assignation is supported by the experiments on
available in the literature due to the fact th@H radical is  low-temperature radiolysis of amides with the recording of
difficult to record by optical methods. The most long-wave both optical and ESR spectra [11].

Recently [12] an attempt has been made to use DMF
"+ Corresponding author. as the radical trap in studying the photochemistry of
E-mail addressplyusnin@ns.kinetics.nsc.ru (V.F. Plyusnin) Feaq3+. It has been shown that the flash photolysis of the
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oxygen-free aqueous solutions ofa&’t-:aL with added DMF
gives rise to intermediate absorption with a maximum S
at 380nm. The spectrum of this intermediate coincides 1500 - R
with that of N-methylN-methylene-formamide radical I
*CH2(CH3)NCHO [10,11]. There are two possible pro- \
cesses, leading to the formation of this radical. First, this i I A\
is the reaction of hydroxyl radical with DMF (Reaction 2). L I . oo
Another possibility is related to electron transfer from DMF =3 4
molecule to the light-excited complex: “ J
500 -

(FE* (H20)6)* + (CHz)2NCHO '
— Fé#" (H20)6 + *CH2(CH3)NCHO + HT ®3)

A similar process is typical of the photochemistry of 90 s = =
copper(ll) chloride complexes in DMF solutions [13,14]. %, nm
In order to use DMF as a trap of primary radical parti-
cles in experiments on the photochemistry of co-ordination Fig. 1. Electron absorption spectra of £O radical anion (1) and
systems in aqueous solutions, it is necessary to have infor-"CH2(CHs)NCHO radical (2). The spectrum 0CHz(CH3)NCHO rad-
mation about the rate constants of reactions involving the ¢ IS obtained for solutions with DMF concentration equal to3e.
*CH,(CH3)NCHO radical. The rate constant of its recom- The solid line (1) is the S~ spectrum taken from Ref. [23].
bination is the only one available in the literature [10,12]).
The goal of this paper is to determine the rate constants
of the reactions of radical formation and decay. To obtain extinction coefficients?15= 220 M~1cm=1 (with 308 nm,
high concentrations of these radicals we used persulfate-ions3%8= 1.2 M~1cm1). It is well known [17,18] that the
(S,0g%7) solutions with added DMF. In these systems the S,0g?~ photolysis gives S@ ~ radical anions, displaying
radicals are produced with a higher quantum yield than uponthe optical absorption band with a maximum at 455nm
the photolysis of F& complexes. [17-19]:

S,05> 50, + SOu°~ 4)

The spectrum of intermediate absorption obtained by us

The $0g2~ solutions were prepared using the three-fold UPON laser flash photolysis of sodium persulfate in water
distilled water purified of organic impurities and sodium per- (Fig. 1, curve 1) coincides with the published one and be-
sulfate. Experiments were carried out in neutral and acid me-0ngs to the S@~ radical anion. The product of extinction
dia; solution pH was varied by addition of perchloric acid. Coefficient of the absorption band of $U radical anion
The solution ionic strength was supported by,8&#g and by the quantum yield of its formation was determined to be
varied in the range of 0.3-0.9M (up to 0.3M »8a0g). & ¢*%°= 880+ 80M tem L.

When necessary, the samples were bubbled through by ni- The extinction coefficient of the band at 455 nm was re-
trogen to remove oxygen. All experiments were performed Peatedly measured [17-23] and the published values vary
at room temperature (2@). The optical absorption spectra rom 460 [18] to 1600 M* cm™* [21-23]. The latest papers
were recorded using a Specord UV-VIS (Carl Zeiss) spec- 9ive, as a rule, the values close to 1600m™*. There-
trophotometer. Experiments on laser flash photolysis were fore, a given value is considered the closest to the real ex-
carried using an XeCl laser excitation (308 nm) [15]. In all tinction coefficient [24,25]. In [19,22] the authors discuss
experiments we used quartz cuvettes with a 1cm optical the possible reasons for the underestimation of extinction
path. The product of quantum yield by extinction coefficient coefficient. We use this value to determine both the quantum
of intermediate absorptiors¢) upon photolysis was mea-  Yield of $0s*~ photodissociationg*°*"™=0.5&+0.05) and
sured by comparing the experimental signal with the stan- the rate constant of SO~ radical anion decay.

dard signal of T-T absorption at 431 nm of the oxygen-free N [19] the method of laser flash photolysis with ex-
anthracene solution in benzeng&22260 [16]). citation at 248nm was used to measure the value of

£49%9248= 2770 M1 cm~1. The quantum yield of radical
formation is assumed to be 2. A specified value of extinc-

2. Experimental details

3. Results and discussion tion coefficient £4°°= 1600 M~ cm~1) makes it possible
to obtain the value 0§2*8= 1.73 using the data of paper
3.1. Photolysis of aqueous solutions of2lSg0g [19]. A smaller value of quantum yield upon photolysis by a
more long-wave light¢3°®= 0.55) is likely to be related to
The optical absorption spectrum 05@g?~ ion in aque- both a smaller distance in a radical pair after thermalization

ous solutions has a band with a maximum at 215 nm and theand the greater probability of geminate recombination.
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Fig. 3. The dependence of &s2:4%° ratio on the ionic strength of solution

Fig. 2. Laser flash photolysis of N8;Og (0.3 M) in water. (a) An example for SO{;'* radical anion recombination according to [16,18-20,25,26,34]
of a kinetic curve at 455 nm; (b) the dependencégt of SO;*~ radical and this work.
anion decay on the initial optical density at 455 nm.

The cut-off on the ordinate (Fig. 2b) corresponds to the
Fig. 2a exemplifies the experimental kinetic curve of the contribution of the pseudo-first order reaction to the decay of

intermediate optical absorption of radical $O decay. The ~ SQs®" radical anions which may correspond to the reactions
radical decay rate depends on the initial radical concentra-With persulfate ion and water:

tion which may be varied by changing the intensity of the - 2 2 o

exciting laser pulse. The dependence of the observed ef- ST + 52087 — SO + 508 Y
fective first-order rate constant determined by the initial re- so,*~ + H,0 — HSO;~ + *OH (8)

gion (10-20% of total amplitude) of kinetic curvéigps =

—(3D/dt),—0/ D;—0) WhereD is the optical density of in- In the presence of reaction (7) the pseudo-first order rate

termediate absorption on the initial radical concentration is constant is sure to increase linearly with increasing con-
linear (Fig. 2b). Thus, the kinetics of QO radicals decay  centration of a persulfate ion. Measuring the dependence
is well described by the second-order curve, and the basicof the cut-off value on 80g?~ concentration with regard
process causing their decay in the system studied is recom1o the ionic strength of the solvent according to Eq. (6)
bination: (Fig. 4), we have estimated the contribution of reaction (7):

k7=(5.3+2.0)x 10 M~1s~1 (note that the value obtained is
2SQy*” — $08° ®)

Using a 1600 M1cm™1 extinction coefficient of the
SOs*~ radical band, the constanks determined from the 3r
slope of the straight line in Fig. 2b, ikg=(2.7+0.2)x 10°
M~1s71. The value of this rate constant was repeatedly o /
measured by various methods [18-20,26—-30]. Fig. 3 gives T

these data using the typical dependence of the reaction rate "m_ 2r |
constant on ionic strengthuj for charged particles [19]: b

o L E
log (ks) ~ log (kg) + 1'02Z1Z2T/L1/2 (6) < |

In Formula (6)z; andz, are the charges of reacting ions.
So our value for the rate constant of £O radical anion
recombination agrees satisfactorily with the majority of lit- 0
erature data. It is necessary to stress that the recent mea-
surements of Herrmann et.al. [29] have given the value of
2ks=3.2x10* M~1s~1 (at u=0) which is much lower than . o o .
the other data available. May be, the authors of [29] have Fig. 4. Reaction of S@~ radical anion Wlth_ pers_ulfat_e-lon and water.

. A > The dependence dg: (the cut-off on the ordinate in Fig. 2b) of SO

used the overestimated value of the extinction coefficient of (agical anion decay on,®g?~ concentration. The dependence of the rate
SOs*~ (1090 M~1cm1 at 250 nm). constant on ionic strength (Eq. (6)) is taken into account.

L L
0 1 2 3
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related to zero ionic strength). The cut-off on the ordinate in
Fig. 4 is, probably, determined by reaction (8) and estimates
ke=(9.4+3.7)x10°s~1. This gives for the bimolecular con-
stant of reaction (8) the value of 1ZFgOM~1s71.

The value of k; obtained in this work is much
lower in comparison with the previous measurements
[23,24,29,31,32]. It is surprising that the rate constant of
the reaction of two charged species practically does not
depend on an ionic strength. For example, the work [29]
givesk;=6.3x10° M~1s~1 at 4=0 whereas the authors of
[23] have obtained;=6.6x10°M~1s71in 1-7M HoSOy.
However, in the recent work [33] the estimation of upper
limit to the rate constark;<10* M~1s~1is obtained which
is in good agreement with our value. Thgvalues change
from 3x10° [34] to 3.6x10%s 1 [19,33]. Our largerks
value can be determined by the high ionic strength and the
uncontrollable impurities in solution. The strong depen-
dence of thekg on the ionic strength is discussed in [33].
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Fig. 5. Kinetic curves of a change in intermediate absorption upon pho-
tolysis of sodium persulfate (0.3 M) in oxygen-free aqueous solution with

added DMF (4104 M). Curve 1 — the experimental curve at 380 nm

3.2. Photolysis of Ng5QOg solutions in the presence of
DMF

(SOy*~ + *CH2(CH3)NCHO) curve 2 and solid line — the experimen-
tal curve at 500nm (S©~ only) and first order fit; cure 3 — the dif-

ference in curves (1) and (2) (having regard to the equality 0§*SO
extinction coefficients at 380 and 500 nm) — the kinetic curve for only

The flash photolysis of the aqueous solutions 0f $§&sg
in the presence of DMF gives rise to supplement inter-
mediate absorption whose band maximum is shifted to-
wards the blue region in comparison with the [80 band.

(*CH(CH3)NCHO).

decay presumably defines by the pseudo-first order reac-

In Fig. 1 the spectrum of this absorption (curve 2) is ob- tions. This is confirmed by the first order fit of 0" decay
tained upon photolysis of solutions with high DMF concen- curve (dashed line in Fig. 5).

tration (102M). In this case, the primary radical O

To determinekg from the initial part of kinetic curves

is rapidly and completely converted into a new species. at & wavelength of 500 nm we measuliegs with respect
The new spectrum corresponds to the published [10,11] oneto the initial optical density (Fig. 6a). The cut-off on the

of the *CH>(CH3)NCHO radical which results from the
reaction

SOs*~ + (CH3)2NCHO — *CHz(CH3)NCHO
+S0*” +H* ©)

Fig. 5 shows the kinetic curves at various wavelengths
for substantially lower DMF concentration X40~* M) at
which we observed the formation and decay of a new inter-
mediate absorption. In this case, the signal to measure is a su-
perposition of absorption of SO~ and*CH,(CH3)NCHO
radicals. When the wavelength is more than 500 nm the
*CH2(CH3)NCHO radical does not actually absorb (Fig. 1).
Therefore, to obtain the kinetic curves describing the behav-
ior of this species at a given wavelength, it is necessary to
subtract the normalized curve at 500 nm (curve 2 in Fig. 5)
from the experimental curve at this wavelength (curve 1 in
Fig. 5). Normalization is determined by the £O spectrum
obtained in the absence of DMF.

The kinetic curves of the SO~ radical anion decay in
the presence of DMF were determined by the pseudo-first

ordinate depends linearly on DMF concentration (Fig. 6b)

L 0 40
AAbsorbance«10°

80

4 6 8

[DMF]10%, M

and second order processes related to reactions (7—9) an§!9- 6- Reaction between SO radical anion and DMF. (a) The depen-

(5). To demonstrate the process*@H>(CH3)NCHO rad-
ical formation (curve 3 in Fig. 5), the lower laser flash
intensity was used. In this case, the §80 radical anion

dence ofkyps of SO4*~ radical anion decay on the initial optical den-
sity at 500 nm for various DMF concentrations. 1-4: DMF concentration
(0.002, 0.004, 0.006, 0.008 M, respectively). (b) The dependence of the
cut-off on the ordinate in (@) on DMF concentration.
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influence of ionic strength on the reaction of neutral radicals
which have the dipole moments.
. The rate o CH2(CH3)NCHO radical decay depends sub-
stantially on the concentration of oxygen contained in water
h (Fig. 7a). To measure the rate constant of the reaction be-
" tween these radicals and oxygen, we determined the depen-
©" 2 dence ofkgps On initial radical concentration and then the
% dependence of obtained cut-of(;) on the ordinate on the
=3
O
4

s
o |
|
o

=

AAbsorbance*10?

2,0

)

N

o N

concentration of dissolved oxygen (Fig. 7b). Probably, the
*CH2(CH3)NCHO radicals, as many organic radicals [35],
transform in the presence of oxygen into less active perox-
051 o ide radicals

*CH2(CH3)NCHO 4 O2 — *O0CH(CH3)NCHO  (11)

00— % 12 16 The slope angle in Fig. 7b may be used to determine that

[0,]+10% M kio=(1.3+0.1)x10°M~1s~1. Note that the value of this
constant falls within the range of the characteristic values

Fig. 7. Kinetic curves (a) andeyt (b) of *CH>(CHs)NCHO decay  of the rate constant of the formation of peroxide radicals
at 380nm for various concentrations of oxygen in solution. Photolysis (0.5-5)x 1°M-1gs1 [35]

(308 nm) of NaS;0g (0.3 M) in presence of 0.01M DMF. 1-3, oxygen
concentration being 0, 25104 M and 1.4<10-3 M, respectively.

4. Conclusions

and the rate constarky, determined from the slope is SO;"_ radical anion is formed by the DQSOtOWSIS of
(4.3£0.2)x 1B M~1s L. S20g%~ at 308 nm with the quantum yield of° =0.55+

At fairly high DMF concentrations*10-2M) reaction ~ 0-05. SQ°~ reacts with DMF to form the radical
(9) becomes almost the only channel ofs3Oradical anion *CHaz(CHs) . . . _
decay. This allows one to determine the extinction coeffi- NCHO h%\élong an abSOfptlorll banld with a maximum at
cient of *CHo(CH3)NCHO radical by comparing the initial ~ 380nm €°*"=(1700:200) M~"cm™"). Several rate con-
absorption at 500 and 380nm. The extinction coefficient Stants of S@*~ and *CHz(CH3)NCHO have been mea-
is £380—(1700:200) M~ cm~1 which is in fair agreement ~ Sured. These are:
with the value 1600 M1 cm~1 given in [10] for water at

pH=5 and with the value of 2500 M cm~! obtained for SO + S0 o
the frozen DMF matrix [11]. 2ks = (27£02) x 1°M~tst (L =09M; pH7);
3.3. *CHy(CH3)NCHO radicals decay SOs*” + $08%" k7= (53£20) x 1°M~ts?

(Na»S,0g concentration was .0—-0.3 M);

The rate of* CH(CH3)NCHO radical decaykgpg) in the B 4
oxygen-free solutions depends linearly on its initial con- SOt +H20 ke = (9.4+37) x 10°sY;
centration. Therefore, the decay of radicals is made by the
second-order reaction, i.e. either recombination or dispro- SQ,*~ + (CH3z)2,NCHO

portion ko= (43+02) x 1M~ ts7L;

2°*CH,(CH3)NCHO — molecular products (10)

The Z10/e38° value was found to be (1.3%.09)x10P “CHa(CRaINCHO + .CHZ(Cng)lNCHO
cms 1. Using the extinction coefficient for the absorption 2ki0=(26+02) x 1°M~IsH (1 =0.9M).
band of the®*CH,(CH3)NCHO radical ¢389=1700 M1
s~1), we obtain the value 0f@o=(2.64+0.16)x 10° M~1s~1 *CHy(CH3)NCHO + O3
for ionic strengthu=0.9 M. The results of work [12] for kip= (134 0.1) x 10°M~tsL,
the solutions withu=0.08 and pH-1.5 using the same
value of £380 give Zk;0=(4.6+1.1)x10° M~1s~1 which is The DMF may be used as an effective trap of active rad-
somewhat larger than that in a given paper. The differenceicals (e.g.,*OH radical) which cannot be recorded directly
can be determined by the increase of the solution viscosity due to the absence of optical absorption in the available
at the high NaS,0Og concentration (0.3 M) and the weak spectrum range.
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